Surface plasmon polaritons (SPPs) and standing wave modes provide interesting and exotic properties for infrared metamaterial absorbers. Coupling of these modes promises further development in this field but restricted by the complexity of modes analysis. In this work, we investigate the general phenomenon of modes coupling supported by a metal (with grating)-dielectric-metal sandwich structure based on rigorous coupled-wave analysis (RCWA) method and experiment results. Through the analysis of fundamental modes, a new approach based on the boundary conditions is introduced to reveal the coupling mechanism and the corresponding resonance shifting phenomenon with simple but rigorous derivations. The strong coupling between SPPs excited on the dielectric-metal interfaces and rigorous modes of standing waves in the dielectric layer can be manipulated to improve the detection sensitivity of sensors and emissivity efficiency of infrared emitters.
Surface plasmon polaritons (SPPs) can greatly enhance local electromagnetic field and tightly confine the enhanced electromagnetic energy to the metal-dielectric surface 1, 2 , which promises broad application prospects, such as high performance transmission 3 , near-field imaging 4 , sensing 5 , solar cell 6 , and so on. Since the concept of SPPs was proposed, increasing researches have been carried out to explore how to excite and manipulate SPPs efficiently. Recently, resonant metamaterial absorbers featured by metal-dielectric-metal sandwich structures, have become one of the main resources to manipulate SPPs with different periodic patterns such as one-dimensional (1D) grating [7] [8] [9] [10] , 2D disk arrays 11, 12 , patch arrays 13 , cross bars 14 and aperiodic patterns such as nanoparticles 15 and single cavity 16 . The interactions between SPPs and other kinds of resonances, e.g. magnetic polaritons (MP) 17, 18 , cavity resonance 19 , and Fabry-Perot resonance 20 , have brought exotic characteristics in infrared spectral absorption 21, 22 . Even though many researches have been developed in this field, most of the sandwich structures possessed a very thin dielectric spacing layer, typically lower than one tenth of the incident wavelength [23] [24] [25] . In this condition, the reported SPPs are mainly excited on the air-metal surface and only a few of them are excited on the dielectric-metal interface 26 . As for the sandwich structure absorbers decorated by surface patterns, once SPPs on the dielectric-metal surface is excited, SPPs on the upper and lower dielectric-metal interfaces may be coupled and further complicated by the discontinuity of the upper interface patterns. On the other hand, standing waves have been introduced to explain the electromagnetic scattering problems of the metal-insulator-metal infrared absorber 16, 27, 28 . In this paper, we focus on standing waves between the upper metallic grating and the lower metallic base. When the thickness of dielectric spacing layer is comparable to the incident wavelength, this kind of standing waves will have a significant effect on electromagnetic absorption and they may be coupled with SPPs on the dielectric-metal interfaces and generate new absorption phenomenon. In addition, as both standing waves and SPPs could be expressed in the form of plane waves, their existence can be judged directly and effectively by the distribution of the Floquet modes [29] [30] [31] but fewer researches have tried in this way. To reveal the modes excitation and coupling phenomenon in SPPs structures, a sandwich structure consists of one-dimensional metal grating and relatively thick dielectric spacing layer is proposed, fabricated and measured for infrared absorption in this paper. Simulation and experiment results of the infrared absorption spectrum are shown at first and then discussed by RCWA method to identify the absorption modes. In the "Modes Coupling Analysis" part, effective medium theory is employed to explain the shifting of SPPs excitation wavelength and a new approach based on the boundary conditions is introduced to reveal the coupling mechanism and the corresponding resonance shifting of standing wave line.
Results and Discussion
Modes Simulation and Experiments. Figure 1(a) illustrates the geometry of the sandwich structured metamaterial absorber for numerical simulation. Thickness of the bottom continuous and top grating Al layers are fixed, but the thickness of dielectric layer is varied. The structure is surrounded by air. Complex permittivity of Al is described by the Drude model with a plasma frequency of ω p = 2π × 3.57 × 10 15 rad/s and a collision frequency of ω c = 2π × 19.41 × 10 12 rad/s 32 . The dielectric loss and dispersion will make the coupling between SPPs and standing waves more complicated and the analysis with lossy dielectric is based on the analysis with lossless dielectric, so the relative permittivity of dielectric layer is intrinsically set to 2.28, employing lossless and non-dispersive dielectric parameter to illustrate our theory. To compare with experimental results, lossy and dispersive Al 2 O 3 layer 33 is further introduced for simulation. More details about the effects of dielectric loss and dispersion are shown in the Supporting Information. Scanning electron microscopy(SEM) images of the proposed metamaterial absorber prepared by standard e-beam deposition and UV lithography techniques is shown in Fig. 1(b) , in accordance with Fig. 1(a) . The 200 nm Al ground plane was first evaporated onto a silicon substrate and then covered by the Al 2 O 3 layer with different thickness. Lamellar grating of the 100 nm Al film was realized by the lift-off lithography process on Al 2 O 3 layer.
In simulation, a plane wave with wave vector → k 0 is incident at our structure from air. The RCWA method 34, 35 is employed for modes simulation by retrieving the amplitude and phase of each Floquet modes. In the case of TM polarization, the incident electric field is along the X direction and the total electromagnetic fields at any arbitrary point → r takes the form where i represents the order of the Floquet modes, k 0,x represents the X-component of the incident wave vector, and p represents the period in Fig. 1(a) . In the rest of this paper, the ith order Floquet modes is written as TM i for TM polarization and TE i for TE polarization (with the incident electric field along the Y direction). Simulation results for the spectral absorption of the proposed absorber at normal incidence for both TM and TE polarization and the corresponding experimental results for TM polarization are shown in Fig. 2 . For TE polarization in Fig. 2(a) , there is no SPPs but the excitation of standing waves. The strong absorption positions are along the standing waves lines or at the cross region where two different modes of standing waves couple together, especially when the incident wavelength is larger than 6 μ m. This is an expected absorption pattern. In contrast, the absorption pattern in Fig. 2(b) is distinguished by two main features. One is the excitation of strong magnetic polaritons at the top-left corner, as our former works have shown 17, 18 . The other is the twisting Identification of Absorption Modes. Since the Al 2 O 3 layer is continuous and sandwiched by two metal layers, there will be standing waves between the upper Al grating and lower Al base. Considering the effects of Al base on tangential and normal electric field, the excitation condition of standing waves at normal incidence can be written as
where k z is the effective wave vector of the given Floquet mode in the dielectric layer, t 1 − t 0 represents the thickness of dielectric layer and varies, ϕ 1 and ϕ 2 are the phase retardations on the upper and lower dielectric-metal interfaces, respectively. For the simplicity of analysis, the lossy metal is treated as perfect electric conductor (PEC) to employ the rigorous PEC boundary conditions, so ϕ 1 = ϕ 2 = π for the tangential electric field E x , and ϕ 1 = ϕ 2 = 0 for the normal electric field E z . The excitation of zero order standing waves, TM 0 and TE 0 , are predicted with k z 2 = k 0 2 ε dielectric and
, and drawn in Fig. 2 as the white solid lines. For the 1st order TM 1 and TE 1 standing waves, the white dashed lines in Fig. 2 are obtained with
2 ), m = 1, 2, 3… .. In Fig. 2(a,b) , there are three white solid lines corresponding to m = 2, m = 3 and m = 4 from left to right with ϕ 1 = ϕ 2 = π for E x ; there are also two white dashed lines corresponding to m = 2, m = 3 from left to right with ϕ 1 = ϕ 2 = π for E x (also m = 1, m = 2 from left to right with ϕ 1 = ϕ 2 = 0 for E z ). As shown in Fig. 2(a) , deviation between the simulated absorption band and the predicted lines, originated from the PEC assumption of metal, shows a really limited effect on absorption performance. Therefore, the PEC boundary conditions are widely used in this paper.
On the other hand, the excitation wavelength of SPPs in a one-dimensional metal grating can be described by . In another words, the excitation of SPPs can also be figured out by the energy distribution analysis of the Floquet modes. This method is crucial for this work, because the twisting of absorption bands causes resonance shifting and Eq. (5) is no longer valid.
To characterize the SPPs related Floquet modes, electric field distribution of three fundamental modes in the proposed metamaterial absorber, TM 0 , TM 1 and TM 2 , at corresponding absorption peak wavelength are shown in Fig. 3 . In Fig. 3(a) , the electromagnetic energy mainly distributes on E T M x , and the studied case is located at the cross region of TM 0 standing waves and TM 1 dielectric-Al SPPs in Fig. 2(b) . The energy of TM 0 standing waves could only be in tangential electric field, so it corresponds to E T M x , 0 . On the other hand, SPPs is a . The reason is that the energy is concentrated on the TM 1 mode and its symmetry mode, TM −1 mode. In Fig. 3(b,e) , the dominant TM 1 standing wave and TM 1 air-Al SPPs are evidenced as E T M x , 1 and E T M z , 1 are enhanced in the dielectric layer and on the air-metal interface, respectively. The maximum SPPs energy is about 132 times the incident energy. Unlike the previous two cases, Fig. 3(c,f) just show the TM 2 dielectric-Al SPPs because the enhancement of E x is not observed, and the energy of SPPs is up to 146 times the incident energy.
Modes Coupling Analysis
Focusing on the strong absorption nearby the excitation wavelengths of SPPs in Fig. 2(b) , it is found that the strong absorption wavelengths can be either larger or smaller than λ T M SPP_dielectric 1 = 9 μ m for dielectric-Al SPPs (e.g. the studied case for Fig. 3(a,d) ) and keep larger than λ T M SPP_air 1 = 6 μ m for air-Al SPPs (e.g. the studied case for Fig. 3(b,e) ). The reason is that there exists an effective dielectric layer combining the air layer with the dielectric layer. This can be understood by an equivalent approach for the corresponding resonant modes at strong absorption wavelengths.
In the case of dielectric-Al SPPs with λ T M SPP_dielectric 1 = 9 μ m, the TM 1 mode diffraction wave propagates in the dielectric layer with a wavelength of
). Since the TM 1 mode supports the dielectric-Al SPPs, the enhanced energy mainly concentrates on E T M z , 1 . According to Fig. 3(a) , E T M z along Z direction can be written as
. If the thickness of the dielectric layer is smaller than λ ε /4
will distribute into the air. Therefore, the SPPs is not simply excited on the lower dielectric-Al interface, but on an equivalent dielectric-metal interface. The equivalent dielectric layer consists of the whole dielectric layer and an air layer with a certain thickness determined by the electric field distribution in the air. As the relative permittivity of air is smaller than ε dielectric , the equivalent permittivity is smaller than ε dielectric as well. Hence, the strong absorption wavelength becomes smaller than λ ing to Eq. 5. For the same reason, the equivalent dielectric layer should consist the dielectric layer for air-Al SPPs. Since the equivalent relative permittivity is larger than pure air, the wavelengths of strong absorption keep larger than λ r T M SPP_ai 1 = 6 μ m. Further evidence for the equivalent approach can be understood by Fig. 4 . Since the air section in Fig. 1(a) is replaced by a dielectric medium of ε = 1.96, the corresponding excitation wavelength of SPPs on the incident surface moves from 6 μ m to 8.4 μ m and the strong absorption wavelength slightly increases with the increasing thickness of the dielectric layer (in Fig. 4(a) ), consistent with the equivalent approach. In Fig. 4(b) , as the incident angle increases, the absorption band splits into two bands, which is the unique character of SPPs. Considering the modes and electric field distribution in Fig. 4(c,d) , the E T M z Next, we will analyze the coupling between the TM 0 standing wave and the TM 1 dielectric-Al SPPs in the wavelength range of 8.3-8.7 μ m in Fig. 2(b) . When the thickness of the dielectric layer changes from 2.6 μ m to 2.0 μ m, the corresponding maximum absorption decreases from 85% to 34% and deviates away from the standing wave line in Fig. 2(b) . However, in Fig. 2(a) , the corresponding maximum absorption only fells form 60% to 41% and the absorption band is nearly parallel to the standing wave line. The difference is originated from the proposed coupling effect and can be understood by modes characteristics shown in Fig. 5 .
In Fig. 5(a,b) , when the thickness of the dielectric layer changes from 2.6 μ m to 2.0 μ m, the coupled TM 1 dielectric-Al SPPs gradually deteriorates as the peak of E T M z destroys the original continuity of tangential electric field on both sides of the Al grating and forces the electromagnetic energy to redistribute. However, as the Al grating is only 100 nm thick, the tangential electric field on both sides should be continuous to fulfill the boundary condition. In Fig. 5(b) ,
on the bottom dielectric-Al surface. The continuity of tangential electric field can be expressed in the form of in the air layer and the dielectric layer, respectively. According to Fig. 5(b) should be decreased to fulfill the boundary condition. In another words, λ /(t 1 − t 0 ) should be increased. Since the standing wave line has a constant λ / (t 1 − t 0 ), the absorption band must gradually deviate from the standing wave line, as is shown in Fig. 2(b) . Fig. 5(b) and then computing by Eq. 6. Therefore, the analysis approach based on boundary condition is confirmed quantitatively.
In Fig. 5(d) , there is almost no change of E T E x dielectric , 0 for TE polarization when incident wavelength varies as the same way for TM polarization. It means that the standing waves for TE polarization are very stable without the coupling to SPPs. By comparing Fig. 5(b) with 5(d) , it is found that the coupling affects standing waves in two ways: one is the reduction of E T M x , air 0 caused by absorption enhancement of SPPs; the other is the enhancement of
caused by the energy transferred from SPPs, when the incident wavelength is close to 9 μ m. These two opposite rules of variation and the continuity of tangential electric field mean that there is only a certain incident wavelength corresponding to a certain thickness of dielectric layer to excite the coupled SPPs efficiently. Thus, the excitation wavelength of the coupled SPPs is not exactly at 9 μ m but around 9 μ m when the thickness of dielectric layer varies around 3 μ m. Therefore, the absorption bands at the cross region of SPPs and standing waves are twisted in Fig. 2(b,c) .
Conclusion
In summary, a comprehensive analysis about the sandwich structure with different thickness of the dielectric layer is conducted in this paper. The relationships between modes distribution and coupling are figured out by RCWA method. Experimental results of absorption spectrum support the validity of our simulations. The shift of excitation wavelength of SPPs is explained by the effective dielectric method and the coupling between SPPs and standing waves is dedicatedly studied through the distribution of different modes. The coupling between SPPs and standing waves shows a new way to study and manipulate SPPs and a method to achieve the transfer of energy between different modes. A new approach based on the boundary conditions is successfully introduced to reveal the coupling mechanism and the corresponding frequency shifting phenomenon. This study will assist in improving the detection sensitivity of sensors and emissivity efficiency of infrared emitters.
Methods
Numerical simulations are performed by RCWA method. The proposed sandwich structure absorber is prepared by standard e-beam deposition and UV lithography techniques. The 200 nm-thick Al ground plane was evaporated onto a silicon substrate and then covered by the Al 2 O 3 layer with different thickness. Well patterning of the 100 nm-thick Al film was realized by the lift-off lithography process on Al 2 O 3 layer. The experimental results are tested by PerkinElmer FT-IR Microscope.
